The formation of sulfur-containing gases and chemiions in the combustor and their evolution in the turbine of aircraft-engines between combustor exit and engine exit are computed including the conversion fraction of fuel sulfur into SO 3 and H 2 SO 4 . The combustion is approximated by an adiabatic time-dependent box-model. The temperature and pressure evolution in the flow between combustor exit and engine exit is modeled using a quasi onedimensional (Q1D) model. New kinetic models for S-containing gases and chemiions are used. About 1% of the sulfur molecules are computed to be converted into SO 3 within the combustor and about 10% into SO 3 and H 2 SO 4 before engine exit. Box models agree with the Q1D results for the same initial and thermodynamic conditions, but underestimate sulfur conversion by a factor of 3 if using a linear temperature profile. The number of positive and negative ions formed within the combustor, mainly NO + and HSO 4¯, depends strongly on the fuel/air ratio and on recombination reactions, mainly with C 2 H 3 O + ions. The model computes a total ion emission of 2⋅10 15 per kg of fuel burned at cruise. Far larger ion concentrations close to values observed behind engines at ground, are computed for higher combustor inlet pressure and higher fuel/air ratio.
Introduction
Aerosols forming in the exhaust plume of aircraft engines may significantly perturb the chemical and physical processes in the atmosphere [7, 27] . Most of the particles forming in exhaust plumes behind aircraft at cruise are liquid and contain sulfuric acid [45, 50, 53, 13] , and some condensable hydrocarbons [28, 53] . The formation of volatile aerosols in aircraft plumes depends on the amounts of gaseous O, OH, SO 2 , SO 3 , and H 2 SO 4 , and on chemiions (CIs) [22] emitted from the engines [61] . Sulfur dioxide is the main product of oxidation of fuel sulfur during burning of aviation kerosene in gas turbine engine combustors [8] . The concentrations of OH, SO 3 , and H 2 SO 4 at core engine exit depend on the non-equilibrium chemistry in the combustor and on reactions of the exhaust gases in the postcombustor flow from the combustor through the turbine and the expansion nozzle to the engine exit [9, 36, 46] .
The fraction ε of conversion of SO 2 to SO 3 and H 2 SO 4 is defined in terms of respective mole fractions as ε = ([SO 3 ]+[H 2 SO 4 ])/[SO x ], where SO x includes all sulfur containing molecules resulting from fuel combustion. For homogeneous nucleation, the nucleation rate and the number density of volatile sulfate aerosol particles depends strongly on the magnitude of ε. If the volatile particles nucleate mainly on CIs, then ε controls the size of volatile particles formed [29] .
The conversion fraction ε has been the topic of several studies [53] . Values of ε larger than 12-45% and 6-31% have been deduced from measurements of aerosols and CO 2 concentration behind a Concorde and a B-757 aircraft, respectively [18, 38] . Direct measurements of sulfuric acid in the exhaust plume imply far smaller values of the sulfur conversion fraction ε of ~1.2% [2] , >0.4% [13] , or 3.3 % ± 1.8% [14] . Modeling studies assuming equilibrium conditions at combustor exit and taking into account the oxidation of SO 2 with OH and O radicals inside the engine between combustor and engine exit show that ε may reach values up to about 10% [8, 36, 46, 58] . These calculations suffer from large uncertainties on the amount of SO 3 , OH, O, and other gases formed within the combustor.
Another important precursor of volatile particles formed in aircraft engine exhaust are CIs [23, 61, 28, 62, 53] . Plume aerosol models require information on the type and concentration of ions reaching the nozzle exit. The ion formation inside an aircraft engine has not yet been modeled. Recent measurements in the exhaust of jet engines revealed negative ions with HSO 4¯ cores, NO 3¯ cores and ions containing C, H and O atoms [2, 32] and positive ions including massive hydrocarbons [33] . The number density of ions at engine exit is still quite uncertain. For modeling nucleation consistent with volatile particle observations, engine exit CI number densities as large as 10 9 cm -3 have been assumed [61] . Such large CI concentrations were observed for a premixed rich acetylene-oxygen flame at a fuel/air equivalence ratio φ of 1.5-3 and an initial pressure of ~20 torr [10, 31] and in rich (φ = 2.13) and lean (φ = 0.2) premixed methane-oxygen flames at 40 torr [24] and 760 torr [43] . Maximum ion concentrations measured in such flames are [H 3 O + ] = 1.5⋅10 11 cm -3 and [C 2 H 3 O + ] = 10 10 cm -3 . But these flame conditions differ significantly from conditions in engine combustors which burn aviation kerosene with air under lean conditions (φ = 0.25-0.33), at higher pressure P 0 ≈ 1 MPa, higher temperature, and at shorter time scales (a few milliseconds). Moreover, the fuel/air ratio varies in a complex manner from rich to lean within the combustor. Only a few studies investigated the emission of CIs from aircraft engines. A total negative ion concentration of 1.4⋅10 7 cm -3 was measured at plume ages of about 10 ms after engine exit at ground [2] . Negative ions observed inside the plume of an Airbus A310 aircraft cruising at 10.4 km altitude at plume ages of about 2 s were found to be mainly HSO 4¯( H 2 SO 4 ) m , HSO 4¯( HNO 3 ) m , and NO 3¯( HNO 3 ) m ions [3] . The upper limit concentrations of negative and positive ions es-timated from the measurements was 3⋅10 5 -3⋅10 6 cm -3 for these conditions. Dilution [51] implies about 300 times larger concentrations at engine exit, and larger values to account for recombination processes. A total positive CI concentration of 1.6⋅10 8 cm -3 was measured in the exhaust of a jet engine at ground at 12 ms plume age [4] . The local number concentration c of ions per unit volume is related to an ion emission index EI (number of ions per unit mass of fuel burned) by c = EI ρ / N, where ρ is the local plume gas density for given temperature and pressure, and N is the dilution factor (mass of air mixed with the exhaust from a unit mass of fuel burned [51] ; for 16% hydrogen content in the fuel, the dilution factor in the engine is related to the equivalence fuel/air ratio φ by N = 16.2/φ). Some models require an initial total ion concentration of the sum of positive and negative ions at engine exit of 4⋅10 8 cm -3 at temperature T = 600 K and pressure P = 220 hPa, or an ion emission index of 2⋅10 17 per kg of fuel burned [62, 28, 29] . For emission indices far larger than these values coagulation and recombination processes would quickly reduce the effective emission indices [61] .
The dependence of ion emissions on the combustion process and the processes within the engine have not yet been determined. Therefore this paper investigates the formation of aerosol precursors in the combustor and the influence of various fluid dynamic and chemical kinetic processes within the gas turbine engine on the levels of sulfate aerosol precursors and CIs at engine exit.
Kinetic Model
The formation of sulfur containing species (SO x , HSO 3 , H 2 SO 4 ) and CIs within the combustor and in the engine, in the core flow from the combustor through the gas turbine and the nozzle, is simulated with a new kinetic scheme. The scheme involves more than 1000 reversible reactions with participation of 117 neutral gas species: H z , N z (z = 1, 2), O x (x = 1…3), HO x , H 2 O z , NO x , HNO y (y = 1…4), N z H y , C z , C m H n (m = 1…8, n = 1…18), CO z , HCN, C m-1 H n- [15, 56, 57] . The gas phase model for NO x , HO x and SO x chemistry is close to a previously developed model [46] . The model was previously applied for an aircraft engine duct with prescribed initial conditions at combustor exit based on equilibrium calculations. The main reaction paths for NO x , HNO y , HO x , SO x , and HSO y gases inside the mid-pressure turbine section were analyzed from that study. For the present study, the model has been extended to incorporate a more detailed S-containing species chemistry and a new ion-chemistry model. The reactions of SO x -, S-, H x S-, HSO y -and CS x -species included in the chemical model used in this paper are listed in the Appendix, Table A1. All reactions are considered reversible. The rate constants of the backward reactions are determined from calculated equilibrium constants [46] . Large uncertainties exist in the sulfur chemistry, mainly because of missing data on reactions of SO 2 with OH at the high temperatures in the combustor and high pressure turbine [58] . The present study cannot contribute new information in this respect. For the formation of H 2 SO 4 from SO 3 and H 2 O [45] we note that the model uses a temperature independent summary reaction as suggested earlier [9, 36] .
The types of reactions for ion chemistry included in this kinetic model are listed in Table  I . The full set of ion reactions includes more than 400 reactions as listed in listed in the Appendix, Table A2 . The block of ion chemistry is developed from measured ion kinetics during combustion [10, 17, 11, 41] , shock waves in air [40] , plasmochemical kinetics in electric dis-charge [35, 42, 55] , and in the atmosphere [30, 21, 54, 5, 19, 20] . Most of the rate constants for ion chemistry were determined only for low temperature ranges (300-500 K). For the far higher temperatures in the combustor and postcombustor flows, extrapolations are used in accordance with theory for the various types of reactions. For backward reactions for which the Arrhenius dependency is not listed in Table A2 , the rate constants are determined using calculated equilibrium constants. The model does not include interactions with heavy hydrocarbon ions (C 5 H 3 + , C 7 H 5 + , C 13 H 9 + , etc.) which are expected to be of small importance for lean engine combustion conditions. Many of the ion-ion and ion-neutral species reactions are known only with considerable uncertainty as discussed in the references cited. Nevertheless, the results computed with this kinetic scheme show a good correlation with experimental data on ignition delay in mixtures of hydrocarbons with air [56] and on CHO + , C 2 H 3 O + , H 3 O + , C 3 H 3 + ion concentrations in CH 4 /air flames [41] .
Chemiion formation during combustion
Aviation kerosene is a mixture of high-order hydrocarbons and contains 0.0001% to 0.3% sulfur per mass, with median values near 0.04%. Sulfur is contained in aromatic and polyaromatic groups of high-order hydrocarbons in the fuel. The fuel/air mixture enters the combustor of a modern gas turbine engine typically with initial temperature T 0 = 1000 K and pressure P 0 = 1 MPa. After thermal destruction of these hydrocarbons in the combustor, lighter hydrocarbons form and the sulfur contained in the hydrocarbon fuel is transformed into H 2 S. Our model assumes an initial mixture containing n-C 8 H 18 thermal destruction products (16 % hydrogen mass fraction) mixed with air and H 2 S at an equivalence fuel/air ratio φ = 0.25 (dilution factor N = 64.7).
The ignition and combustion process in the combustor is simulated by integrating the kinetic equations versus time assuming a homogenous mixture in an adiabatically closed reactor from a time before ignition until an exit time τ exit . The value of τ exit is selected such that the computed emission index of NO x is in agreement with the NO x emission index of an RB211 engine of type RB211-524B measured on an altitude test chamber [49] . We use τ exit = 1 s for cruise conditions with T 0 = 1000 K, P 0 = 1 MPa, φ = 0.25, and τ exit = 10 -2 s for ground conditions with T 0 =1250 K, P 0 = 4.5 MPa, φ = 0.33 or 0.25. For cruise conditions, Figure 1 depicts the temporal evolution of the computed mixing ratios of N-(a), and S-containing (b) species, and CIs (c) during combustion of C 8 H 18 thermal destruction products mixed with air and H 2 S for a typical fuel sulfur content (FSC) of 0.04%. Ignition occurs at t~10 -2 s. After ignition the combustion products contain relatively large amounts of SO 2 , some SO 3 , and smaller amounts of HSO 3 and H 2 SO 4 , and trace amounts of C 2 H 3 O + , NO + , H 3 O + , HSO 4¯, SO 3¯, and NO 3ī ons. Some species such as HSO and SO 3¯ get formed temporarily during ignition and disappear when the reactions continue for more than 0.1 s in the closed reactor in these simulations. The gas species SO 3 , HSO 3 , H 2 SO 4 , NO, NO 2 , NO 3 , HNO 2 , HNO 3 , OH, HO 2 , O, and the CIs at the combustor exit do not reach local chemical equilibrium. The S-containing species concentrations reach their equilibrium values at significantly shorter time scales than the Ncontaining species and the CIs. The value of τ exit selected to match observed NOx emission values is rather large and not realistic. Also the combustor inlet temperature selected is higher than in typical engine combustors. This reflects the difficulty in simulating the complex combustion process with a well-mixed reactor. The model succeeds in describing the self-ignition process and is used for some first parameter studies, but more refined model studies are to be performed in the future to simulate the combustion process in more detail.
The amounts of sulfur containing gases and of ions HSO 4¯, SO 3¯, and NO 3¯ depend on the fuel sulfur content. The model results for neutral species and ion mole fractions for two values of FSC are listed in Table II . The amount of O leaving the combustor is only 6% of the amount of OH radicals, which agrees roughly with equilibrium estimates and implies that the oxidation of SO 2 to SO 3 with O is of minor importance compared to reactions with OH [58] . The computed NO x emission index is 18 g/kg which fits the AERONOX data for the RB211 engine [49] because of the selected τ exit value. The [NO 2 ]/[NO x ] ratio is close to 0.3 and fairly insensitive to the value of τ exit (see Figure 1a ). The ratio is larger than what was measured for the RB211, possibly because of inadequacy of the simple model, but close to what was found for a smaller engine (PW305) in the AERONOX project, and is not unrealistic when compared to measurements in the exhaust plume behind cruising aircraft [48, 59, 52] .
The concentrations of positive and negative ions (and of most gas species) strongly depend on the fuel/air equivalence ratio φ. Note that φ varies locally within the combustor because of inhomogeneous fuel air mixing and other features of combustion, whereas this study assumes a homogeneous mixture. The temporal evolution of positive and negative ion concentrations versus time is shown in Figure 2 for φ = 0.5, 0.33, and 0.25. The time required for approaching local chemical equilibrium is longer and the CI concentrations (both their maximum values after ignition and their equilibrium ones) are lower for lower values of φ. At φ = 0.5, the maximum values of the HSO 4¯ and NO + mixing ratios are around 4⋅10 -10 and the C 2 H 3 O + , H 3 O + , SO 3¯, and NO 3¯ mixing ratios are larger than 10 -8 . At φ = 0.25, HSO 4r eaches a mixing ratio of 5.5⋅10 -13 . Hence inhomogeneous mixing, with larger local fuel/air ratio, may also cause larger CI concentrations. The strong dependence of ion concentration from the φ value is a consequence of larger temperature and larger concentration of CH radicals after ignition for larger φ values (φ <1). Higher temperature and larger CH concentrations result in larger rates of CHO + ions and electrons formation. An increase of φ from 0.25 to 0.5 in the model increases the mixing ratio of CHO + and eafter ignition by nearly a factor of 10 4 . An increase of φ also causes a larger O/OH concentration ratio (the O/OH equilibrium ratio is ∼0.05, 0.1, 0.2, for φ = 0.25, 0.33, 0.5, respectively).
The major reaction paths of ion formation under combustion of S-containing hydrocarbon fuel/air mixtures in our model are identified in Figure 3 . In a first step CHO + ions and electrons form by reactions of CH radicals in ground electronic state and excited radical CH*(a 4 For negative ions, a similar reaction path scheme has been suggested which includes also the formation of ion clusters HSO 4¯H NO 3 and HSO 4¯H2 SO 4 in the exhaust plume outside the engine [23] .
Our model computes maximum ion concentrations which may appear small compared to laboratory measurements [10] . Our modeling studies reveal that ion concentrations during combustion decrease mainly by recombination reactions with C 2 H 3 O + :
In order to determine an upper limit of ion concentrations in the combustor for the given kinetic reaction scheme, a modified kinetic model is used in which these most important recombination reactions are excluded. In this case, at φ = 0.25, the most abundant ions are HSO 4¯ and C 2 H 3 O + which reach concentrations of 3.9⋅10 9 cm -3 . The values of ion number density at combustor exit, for φ = 0.25 and FSC = 0.3%, for the two kinetic models, with and without the recombination reactions with C 2 H 3 O + differ by a factor of 100, implying an upper limit of ion number density of 4⋅10 9 cm -3 . The ion number density computed with all recombination reactions should be the more realistic one and amounts to ~4⋅10 7 cm -3 . Far larger ion concentrations (> 10 10 cm -3 ) were measured for CH 4 /O 2 flames at φ = 1 and 0.5 [10] . However for combustion of aviation kerosene with air in lean flames with φ = 0.25 the values of ion number density should be significantly smaller, because of the lower combustion temperature. We cannot exclude, however, that other CI source reactions occur which are not included in our model. Differences between our model results and measurements may also result from approximating kerosene by the thermal destruction products of n-C 8 H 18 with air. In real combustors the combustion of kerosene may lead to another rate of CH radical formation and result in different CHO + and other ions concentrations. Finally, our model does not account for interactions of the gaseous species and ions with soot.
Composition of gases and chemiions in the engine 4.1. Model for calculation of parameters in the postcombustor flow
Two models were used to investigate the production of sulfate aerosol precursors and CIs in the flow between combustor and engine exit. The two models differ essentially in the treatment of the flow inside the turbine. The Q1D model [46] treats the temperature, pressure, velocity and gas composition according to the one-dimensional conservation principles along the flow through the turbine, including blade effects. The second model is a box model in which temperature and pressure is prescribed as a function of time [58] . In this box model study, it was assumed that the temperature decreases linearly from combustor exit to nozzle exit and that the pressure decreases faster according to a prescribed hyperbolic function of time along the flow. We study the change in gas and ion concentrations along the engine duct and the implications of such box model simplifications for conditions approximating the core of engines of type RB211 and JT9D-7A, as used for B-757 and B-747 subsonic aircraft. The same engines have been considered in previous modeling and experimental studies [46, 58] . The boundary conditions (T, P and gas composition) at combustor exit for these calculations are taken from the combustion calculations for φ = 0.25; T 0 = 1000 K; P 0 = 1 MPa described in the previous Section (Table II) . Figure 4 depicts the evolution of temperature T r and pressure P r with time after exit from the combustor as computed with the Q1D model (full curve) inside the turbine for the RB211 engine under cruise condition of a B-747 aircraft (altitude H = 10.7 km, Mach number M 0 = 0.8). The linear temperature approximation, represented by the dashed line, deviates considerably from the Q1D result. Figure 5 depicts the evolution of the H-, N-, and S-containing gas species concentrations computed with the Q1D model inside the engine for two different FSC values.
The values of mole fractions γ i of neutral species and CIs, temperature, and pressure during the postcombustor flow versus time t at characteristic cross sections of the internal flow are listed in Table III for FSC = 0.3%. The temperature decreases from 1540 K at com-bustor exit to 598 K at nozzle exit. The mole fractions γ i vary considerably for most of the components with minor variations only for H 2 O, O 2 , N 2 , and CO 2 . The variations of the γ i values are most pronounced for strong oxidizers such as O, OH, and HO 2 , as well as for NO 3 and for members of the N x H y group. The effective mass emission index of OH amounts to 5.4 g/kg at combustor exit and 66 mg/kg at engine exit. At engine exit, most of the initially formed OH radicals are depleted by reactions with NO, NO 2 , SO 2 and others, leaving a mole fraction of about 10 -6 , and this explains why measurements so far found hardly significant traces of OH at engine exit [6] . From measurements of HNO 2 , HNO 3 , NO, and NO 2 in aged exhaust plumes, OH emission indices of 60 to 400 mg/kg have been derived using models describing the chemistry in the diluting plume, starting from engine exit [59, 52] . This fits reasonably with the present model results. The small amount of OH emitted from the engine exit implies small (< 1%) additional sulfur conversion to H 2 SO 4 after engine exit [59] . It should be noted that the concentrations of HNO 2 and HNO 3 in the turbine affect each other ( Figure 5 ; see [46] ). The local maximum in HNO 3 near t = 1.8 ms is caused by a change in importance of various reactions at this time. At early stage of expansion in the turbine (t ≤ 1.8 ms), the increase in HNO 3 is caused mainly by the reactions NO 2 +OH+M=HNO 3 +M and O 2 +HNO 2 =O+HNO 3 . After t =1.8 ms, the decrease of HNO 3 concentration and the formation of NO 3 is caused mainly by the reactions HNO 3 +OH=NO 3 +H 2 O and HNO 3 +M=H+NO 3 +M.
Significant SO 2 oxidation occurs throughout the turbine resulting in up to 9% oxidation of the total SO x to (SO 3 +H 2 SO 4 ) at engine exit for FSC = 0.04%, and 8.4% conversion for FSC = 0.3%. The NO 3 and HNO 2 concentrations also increase significantly within the postcombustor flow but stay below 1% of the sum of NO and NO 2 species, as found in measurements [1, 58, 52] .
At nozzle exit, NO + and HSO 4¯ ions are the most abundant ones. The presence of HSO 4¯ ions is consistent with recent mass spectrometric measurements after engine exit [32, 33] . However, NO + ions were not observed within these measurements. These measurements identified only ions with masses larger than 50 atomic mass units. It is well known that NO + ions may be generated in large amounts in shock waves in air [40, 34] . NO + ions were also observed in H 2 /air flames [25] and in acetylene and propane/air flames [22] . The model does not take into account the formation of NO + (H 2 O) n clusters and their possible reactions with molecules possessing proton affinities larger than that of H 2 O [33] . Ions NO + (H 2 O) n are presumably unstable at the high temperatures inside the engine but may form in the cool exhaust plume outside the engine.
The mole fractions of the major ions and the sum of all ions does not vary much along the duct in the model (see Table III ). Instead, the total ion concentration is controlled mainly by the amount of ions formed in the combustion chamber, because the recombination time is much larger than the transit time within the postcombustor duct for the given concentrations. For larger initial ion concentrations at combustor exit, ion-ion-recombination reactions in the turbine would be more important. As it was mentioned above, the computed ion concentration at combustor exit strongly depends on the treatment of recombination reactions with C 2 H 3 O + in the kinetic model. The recombination reactions inside the combustor reduce the ion concentrations at nozzle exit by a factor of order of 100. Without these recombinations, the ion concentration sum would reach an upper limit of 4.3⋅10 8 cm -3 , corresponding to an emission factor of 2.3⋅10 17 kg -1 . However the recombination reactions do occur and hence the sum of the ion concentration (maximum for HSO 4¯) amounts to only about 4.5⋅10 6 cm -3 at nozzle exit at cruise or an ion emission index of 2⋅10 15 kg -1 in our model. This is less than expected from measurements at the ground [2, 4] and less than required to explain the number of volatile particles formed with models [29] .
The larger observed ion concentration at ground may be explained partly by different engine operation conditions at ground compared to cruise altitude. Another possible reason results from local variations in the fuel/air ratio within real combustors. The details of the flow inside the combustor are very complicated and not represented in our model. Variations in the fuel/air ratios within the combustor (φ = 1÷0.2) could cause locally higher temperature and larger ion concentration. The temperature and pressure at the combustor inlet at ground is higher than at cruise altitude. Moreover, engines at ground are operating with higher fuel/air ratios than during cruise. At ground, with T 0 = 1250 K, P 0 = 4.5 MPa at combustor inlet and P = 0.082 MPa and T ≈ 750 K at engine exit, and φ = 0.33, the model calculates a positive ion concentration at engine exit of about 9.4⋅10 7 cm -3 , about 70 times larger than at cruise. This result is larger than the total negative CI concentration of 1.4⋅10 7 cm -3 measured with a mass spectrometer and a little less than the total positive CI concentration of 1.6⋅10 8 cm -3 measured with an electrostatic probe about 10 ms behind the ATTAS jet engine at ground [2, 4] . For φ = 0.25 at ground, the computed total ion number density at combustor exit i s about 1.7⋅10 9 cm -3 , i.e. the reduction of φ from 0.33 to 0.25 decreases positive ions at engine exit to about 3.8⋅10 7 cm -3 , still 30 times larger than at cruise.
Our calculations (see Table II ) show also that the ion composition depends on the fuel sulfur content. An increase of FSC results in a significant, but less than linear decrease of NO 3¯ and NO 2¯ concentrations and a slight increase of NO + and HSO 4¯ concentrations at nozzle exit.
The conversion of fuel sulfur to SO 3 and H 2 SO 4
In this section we compare our model with that used in a previous study [58] and investigate the sensitivity of the conversion fraction ε to the initial conversion of SO 2 to SO 3 inside the combustor and to the thermodynamic profiles between combustor exit and engine exit. The previous study investigated the sulfur conversion chemistry in the turbine of a JT9D-7A engine, as used on older B747 aircraft, for which measurements had been reported previously for FSC = 0.0085% [59] . The combustor exit temperature and pressure for this engine are T c = 1200 K and P c = 0.77 MPa. In the box model the temperature and pressure profiles between combustor exit and engine exit have to be prescribed. The previous study assumed a linear temperature profile and a hyperbolic pressure profile as a function of time approaching 621 K and P c = 301 hPa at nozzle exit. In this paper, we use the same initial conditions at combustor exit with gas composition as given in column 2 of Table IV. Using our kinetic scheme in such a box model gives a conversion fraction ε = 3.3%. This value is close to the result ε = 3.8% obtained earlier [58] . In view of small differences in the model kinetics and the high sensitivity of such models to the kinetics, in particular to the reaction rate of SO 2 with OH, this is to be considered a good agreement. If the same model is run with initial conditions taken from our combustor model, with 0.69% of the sulfur molecules converted to SO 3 already at combustor exit, the model computes ε = 3.92% at nozzle exit, which is 0.65% more than with zero initial SO 3 . This confirms that the initial SO 3 adds about linearly to the amount of SO 3 + H 2 SO 4 available at engine exit.
In order to determine the influence of the temperature profile in the turbine on the sulfur chemistry, we run our kinetic model for the RB211 engine using either the temperature profile computed by our Q1D model or a linearly decreasing temperature profile. The two cases were run for the combustor exit conditions listed in column 2 of Table III . For the linear temperature profile, the model computes ε = 2.72%; for the temperature profile from the Q1D model, the results is ε = 8.36%. The differences in S-containing gas concentrations and the conversion fraction caused by the linear approximation in comparison to the nonlinear model are significant (up to a factor of 3). A strong impact of flow dynamics and the temperature profile on ε has been found also by others [36, 39] .
Conclusions
The formation of gaseous sulfate aerosol precursors and ions in the combustor and in the turbine of an aircraft engine has been simulated. The combustor model simulates the transient combustion of S-containing hydrocarbon fuels with air in a closed adiabatic reactor under conditions close to those in aircraft engine combustors. The turbine flow is computed with a quasi one-dimensional flow model. Both models include new gas species and ion kinetic models. This is the first published model study of ion formation inside an aircraft engine.
The concentrations of ions depend strongly on the fuel/air equivalence ratio φ and also, but less than linearly, on the fuel sulfur content. The total ion mole fraction stays close to constant in the turbine section of the engine in this model. The computed positive ion (mainly NO + ) concentrations at engine exit of 1.39⋅10 6 cm -3 for cruise regime is 100 times less than the concentration expected from positive ion measurements at the ground with an electrostatic probe [4] . The corresponding total ion concentration of about 4.5⋅10 6 cm -3 corresponds to a total ion emission index of 2⋅10 15 kg -1 . This value is also 100 times less than what has been derived from aerosol measurements with CI-driven nucleation models [29] . For ground conditions, with higher pressure and temperature at combustor inlet and higher fuel/air ratio, the computed total number density of positive and negative ions is 70 times larger and about ~10 8 cm -3 which is not far off the value measured [4] . This indicates a strong dependence of CI emission on the type and operation of the engines.
Larger ion concentrations would occur, in particular in the combustor, if the recombination rate in the combustor is smaller than assumed in the model. Also peculiarities of turbulent combustion with locally inhomogeneous fuel/air ratios in the various parts of the combustor are expected to cause larger ion concentrations. This needs to be investigated with threedimensional combustion models in the future. Finally, further important CI formation processes may exist which are not included in the model. Because of self-limitation of the ion concentration by recombination, the engine dependence could be weaker for higher CI emissions from the combustor.
Most of the relevant H-, N-and some of the S-species do not reach chemical equilibrium in the combustors. Most of the oxidation of fuel sulfur to SO 3 and H 2 SO 4 occurs in the turbine between the combustor and engine exit. A small fraction of the SO 3 is formed already inside the combustor. The conversion in the combustor adds about linearly to the ε value at engine exit. The sulfur conversion fraction ε in an RB211 engine is computed by this model to be ≈9%, and ≈8.4%, for FSC of 0.04% and 0.3%, respectively. Hence, an increase in FSC causes a minor reduction in ε. The results of the present sulfur chemistry kinetics agree well with those of a previous study [58] if applied with the same temperature and pressure profiles and the same initial conditions, though both models may suffer from uncertainties in the sulfur kinetics. The sulfur conversion fraction ε depends strongly on the temperature profile along the flow within the engine. The assumption of a linear temperature profile in the turbine may cause an underestimate of ε by a factor of 3. Table IV . Gas species mole fractions and conversion fraction ε at combustor exit and at engine exit for a JT9D-7A engine computed with the present kinetic model and with prescribed combustor exit data and temperature and pressure profiles inside the turbine duct as used in a previous study [58] . ( )
Species
, m is the number of molecules participating in the reaction.
Reactions (1)- (22) , (34)-(37), (42)-(55), (58)-(61) were taken from [44] ; (23) , (29)-(31), (38)-(40) from [9] ; (24)-(26), (41) from [26] ; (27) -(28), (56)-(57) from [47] ; (32) from [60] ; (33) from [36] . 
